A cytomorphometric analysis of superficial vaginal cells in women in three groups of different types of hormonal concentration was made. There were 15 women in each group. Group I was studied during a natural cycle, group II under oral contraceptive therapy and group III during an in-vitro fertilization (IVF) stimulation protocol. Morphometric parameters were measured on an image analyser. The area, perimeter and several form factors were measured separately for nuclei and cytoplasm. The nucleus:cytoplasmic ratio was also determined. The cytoplasmic area was significantly reduced in group II and was associated with a statistically significant reduction of the nuclear area. The nucleus:cytoplasmic ratio appeared significantly increased in group II and reduced in group III. Low oestradiol impregnation obtained with an oral minidosed contraceptive interfered with vaginal cell maturation. High oestradiol concentrations obtained during IVF protocols induced marked nuclear pycnosis but did not induce supra-physiological cell enlargement. Maximal cell size is genetically regulated according to Driesch's law of volume invariance and hormonal over-stimulation has no effect on cell size. The nucleus:cytoplasmic ratio appears to be a powerful parameter reflecting the opposite effects of hormones on cell compartments.
Introduction
The vaginal squamous epithelium is the most sensitive target in the female genital tract for ovarian hormones, particularly oestrogens (Pundel, 1966; Carvalho, 1968) . They are known to induce thickening of the epithelium and a progressive increase in cell size in the intermediate and superficial layers. The vaginal epithelium undergoes significant and cyclic changes, well known for decades (Papanicolaou, 1946) . However, numerous hormonal and psychological factors may account for deviations from the normal cellular picture during the cycle (Koss, 1993) .
In a natural cycle, the mean concentration of serum oestradiol is 500 pg/ml on the day of ovulation (range: 250-800 pg/ml; Hafez, 1977) . During in-vitro fertilization (IVF) stimulation protocols, ovarian stimulation is currently done with folliclestimulating hormone (FSH) analogues that drastically increase oestradiol concentrations; oestradiol values up to 2000 pg/ml are often observed (range: 1000 to 4000 pg/ml; Bilan FIVNAT, 1997) .
Women subjected to oral contraceptive therapy also receive hormones that interfere with physiological ovarian and pituitary secretions (Aref et al., 1973) . The possible effects of these hormonal concentrations on cervical carcinoma have been documented (Atwood, 1966) . However, the morphometric characteristics of vaginal cells have never been investigated, to our knowledge. A microscopic analysis can provide qualitative information but appears not precise enough to provide reliable quantitative data (Gay et al., 1985; Bengtsson and Nordin, 1993) . With the development of image analysis, several cytomorphometric studies have been done on vaginal cells but they have mainly focused on normal versus neoplasic cells (Bibbo et al., 1973; Meyer, 1979; Marsh et al., 1985; ArtachoPerula et al., 1993; Mackin et al., 1993; Maeda et al., 1997) .
In the present study, we analysed the cytomorphometric characteristics of superficial vaginal cells in three groups of women who had been subjected to different hormonal concentrations.
Materials and methods

Subjects
Women were recruited into three groups on the basis of clinical history. In addition, only subjects whose vaginal smear did not exhibit a marked inflammatory reaction and showed no blood cells were selected. We also eliminated subjects having thick smears where vaginal cells were too clustered, thus hampering the cytomorphometric analyses. Three groups of 15 women each were studied. The mean age of the women was 33.2 Ϯ 0.2 years. There was no statistical age difference among the three groups.
Group I was composed of women in a normal regulatory cycle. A vaginal smear was done during a routine examination on the supposed day of ovulation (14 Ϯ 2).
Group II was composed of women taking a contraceptive pill. The number of mature ovarian follicles was checked by transvaginal echography. When the mean serum concentration of oestradiol had reached 2450 pg/ml (corresponding to about 500 pg/ml for each mature follicle Ͼ18 mm in diameter), 10 000 units Gonadotrophine Chorionique Endo ® (Organon SA, Saint Denis, France) were injected 36 h before oocyte retrieval. Mature ovarian follicles were aspirated under an ultrasound-guided transvaginal approach. A vaginal smear was made just before oocyte retrieval.
Smears
Smears were obtained by scraping the lateral vaginal walls at a distance from the cervix. This technique has been shown to avoid cellular contamination from other parts of the genital tract. Vaginal smears were fixed in alcohol-ether (1:1) and stained with Papanicolaou's technique using an automatic slide-stainer (Shandon Varistain 24-4 ® , Astmoor, Cheshire, UK).
Image analysis
The cytomorphometric analysis was done on a Leica Quantimet Q570 ® image analyser (Leica, Rueil Malmaison, France). The system was equipped with a CCD camera (Sony 930P) which was able to digitize images in a 512ϫ512 pixel raster at 256 grey concentrations. The analyser stored 24 grey images, coded on eight bits and 24 binary images; in addition five coloured bitplanes were used as overlays. Numerous mathematical morphology functions were available through an image-oriented language derived from the Microsoft QBasic housed in a 486 PC compatible. The analyser was equipped with a Leica DMRB microscope with an x-y-z motorized stage. Analysis was performed at a magnification of ϫ400.
For each subject, a minimum of 30 well-spread superficial vaginal cells was selected for measurement ( Figure 1) . A cell was considered as superficial when its nucleus was pycnotic and its cytoplasm cyanophilic or eosinophilic when the cell had reached complete maturity. Only well separated cells were randomly chosen on the slide. No attempt was made to evaluate the maturation index: only superficial cells were taken into account in the present study. After image acquisition, each cell boundary was redrawn with the computer mouse. Nuclei were automatically detected by applying a threshold based on the histogram grey concentration (Figure 2 ). Similar parameters were measured separately for the cytoplasm and for the nucleus. For each cell, the following parameters were measured and stored in an array: area and perimeter; maximum and minimum Feret's diameters. Feret's diameter is the maximum dimension in a direction ranging from 0-2π. The Quantimet Q570 computes Feret's diameters in n ϭ 64 directions; convex area and perimeter: these parameters corresponded to the area (resp. perimeter) of the minimum circumscribed figure around the cell. They were automatically calculated and were measured as follows: Fibre length and fibre width are form factors estimated as the length (resp. width) of a rectangle having the same area and perimeter as the cell measured.
fibre length ϭ (perimeter ϩ √perimeter 2 -16.area)/4 fibre width ϭ (perimeter -√perimeter 2 -16.area)/4
Aspect ratio: a form factor proportional to the minimum and maximum Feret's diameter. It is also referred to as form factor ELL in the literature (Artacho-Perula et al., 1993) . It is equal to 1 for a perfect circle and increases for an elongated cell.
aspect ratio ϭ 1000. maximum Feret/minimum Feret Fullness ratio: a shape parameter proportional to the true area of the cell to its convex area. area fullness ration ϭ convex area √ Roundness: a form factor that tests the deviation from the perfect circle. It gives a value of 1 for a circle and higher values are obtained for cells having rough edges or pseudopodia.
Roundness ϭ perimeter 2 /(4. π. area)
The inverse of roundness is often called the form factor PE in the literature (Artacho-Perula et al., 1993) .
In addition, the nucleus:cytoplasm ratio was derived from the preceding measurements.
Statistical analysis
Statistical analysis was performed using Systat ® statistical software release 6.0.1 (SPSS Inc., Chicago, IL, USA). A one-way analysis of variance (ANOVA) was used for comparing the differences between groups when data were normally distributed. Analysis between blocks was done with post-hoc tests (Scheffé's contrast method and Fischer's LSD) when necessary. Results are expressed as mean Ϯ standard error of the mean (SEM).
Results
Cytoplasm
With the ANOVA test, the cytoplasmic area was significantly different between groups (F ϭ 5.26; P Ͻ 0.009). This was due to a marked reduction in group II (Figure 3 ) (1945 Ϯ 103 µm 2 ). There was no significant difference between groups I and III (respectively: 2414 Ϯ 133 µm 2 , 2471 Ϯ 123 µm 2 ). Similar results were obtained for the convex area (F ϭ 5.37; P Ͻ 0.009) and perimeter (F ϭ 5.41; P Ͻ 0.008). The maximum and minimum Feret's diameters were both significantly reduced in group II but did not differ between groups I and III. The same results were obtained with fibre length and equivalent circle diameter (48.9 Ϯ 1.3 µm in group II versus 54.5 Ϯ 1.5 µm in group I and 54.9 Ϯ 1.4 µm in group III). None of the form factors which estimate the cell shape appeared significantly different in the three groups: aspect ratio (F ϭ 0.65); fullness ratio (F ϭ 1.16) and roundness (F ϭ 0.40). Superficial vaginal cells appeared to have a reduced cytoplasmic area in group II subjects which was due to a global reduction of dimensions without cell shape modification. No differences could be shown in group III subjects who were subjected to a marked oestrogen impregnation.
Nucleus
The nuclear area differed between groups (F ϭ 4.85; P ϭ 0.013). There was no significant difference between group I and group II (respectively: 35.0 Ϯ 2.4 µm 2 , 35.8 Ϯ 2.1 µm 2 ). However, a statistically significant reduction of nuclear area occurred in group III (26.8 Ϯ 2.2 µm 2 , P Ͻ 0.04 versus group I and P Ͻ 0.03 versus group II) (Figure 4) . Similar results were obtained for the convex area (F ϭ 5.88; P Ͻ 0.006) and perimeter (F ϭ 4.08; P Ͻ 0.02). In a very similar way, both Feret's diameters appeared reduced in group III while group I and II did not differ. The equivalent circle diameter also appeared reduced in group III (5.3 Ϯ 1.3 µm) while group I and II did not differ (respectively: 6.2 Ϯ 0.2 µm, 6.3 Ϯ 0.2 µm). The form factors did not significantly differ in the three groups: aspect ratio (F ϭ 1.06); fullness ratio (F ϭ 0.96) and roundness (F ϭ 0.34). Although the nuclear shape was not modified between groups, subjects of group III subjected to the highest concentration of oestrogen appeared to have smaller nuclei. This reduction in size was related to a proportional reduction of both axes of the elliptical nucleus.
Nucleus:cytoplasm ratio
The nucleus:cytoplasm ratio, combining the previous surface area measurements, appeared to discriminate significantly among all groups. The highest value was observed in group II (1.88. 10 -2 Ϯ 0.1. 10 -2 ) and the smallest in group III (1.13. 10 -2 Ϯ 0.1. 10 -2 ). Group I had intermediate values (1.49. 10 -2 Ϯ 0.1. 10 -2 ). The nucleus:cytoplasm ratio of group II subjects was significantly different from group I (P ϭ 0.02) and group III (P Ͻ 0.0001). Group III differed significantly from group I (P ϭ 0.02) ( Figure 5 ).
Discussion
In the present study, three groups of 15 women with different hormonal conditions were considered. Due to ethical considerations, serum oestrogen concentrations were not determined in group I and II ambulatory patients. Only subjects with vaginal smears suitable for analysis were considered (well-spread cells, a lack of infection). No attempt was done to quantify the cytoplasmic staining intensity of superficial vaginal cells. Because edge detection of the vaginal cell cytoplasm has been repeatedly found to be difficult to extract on image analysers, hand-drawing of cell boundaries appeared the simplest and most reliable solution in the present study (Meyer, 1979) .
Vaginal cells undergo morphological modifications mainly related to oestrogenic levels during the first part of the cycle. Serum oestradiol concentrations can reach 500 pg/ml when one ovarian follicle has matured (Koss, 1993) . These hormonal changes, which are maximized at the day of the ovulation, can be estimated on vaginal smears by high karyopycnotic and eosinophilic indices (Papanicolaou, 1946; Pundel, 1966) . These well-known characteristics have been used in the past for dating the day of ovulation when radioimmunoassay dosages were not available (Pundel, 1966) . During a normal regulatory cycle, vaginal cells, being 25 µm in diameter 5 days after menses, can reach 50 µm on the day of ovulation (Papanicolaou, 1946) . This was confirmed in group I subjects by determination of the equivalent circle diameter (54.5 Ϯ 1.5 µm).
In group II subjects, no attempt was made to verify whether ovulation occurred during the cycle. The presence of mittelschmerz (an abdominal pain near the left or right ovary) is known to be an unreliable sign of ovulation (Adams et al., 1978) . Other recently developed devices were not available in the present study (Flynn et al., 1997) . A proof of pill efficiency was that no pregnancy occurred in our series. (Hafez, 1977; Netter, 1992; Boon et al., 1993; Roumen et al., 1996) but the effect of therapeutically administered hormones is extremely variable on vaginal smears (Koss, 1993) . In our study, these low hormone dosages seemed to dramatically affect cell maturation as shown by the difference in cytoplasmic surface area between group I and group II. Oral contraceptives are known to increase the thickness of the intermediate cell layer and to decrease the eosinophilic index (Moghissi and Marks, 1971) . In the present study, all contraceptives used in group II released a daily maximum of 0.02 mg ethinyloestradiol and 0.15 mg synthetic progestogen per pill. We have found a significant reduction of cytoplasmic area in group II, though cell shape was not modified. Cells remained polygonal, usually cyanophilic, with a nucleus that did not differ in size from nuclei of group I. Recently, Roumen et al. (1996) have reported very similar results on vaginal cell cytomorphometry in women using a contraceptive vaginal ring. The device released ethinyloestradiol and etonorgestrel for 20 weeks. The nuclear area gradually increased and the cytoplasm area decreased. As a consequence, a significant decrease in the nucleus:cytoplasm ratio was observed. This confirms that cell size is influenced by hormonal variations and that low oestrogen concentrations limit cell maturity (Häussinger and Lang, 1991) .
A very high hormonal concentration is provoked during IVF stimulation protocols. This induces the simultaneous maturation of several follicles to ensure fertilization of more than one oocyte. Few studies have reported the direct effect of supra-physiological concentrations of ovarian hormones on vaginal cells. Bercovici et al. (1988) have found that IVF protocols could modify endometrial, cervical and vaginal cytological characteristics but they did not present morphometric data.
In the present study, no differences in the cytoplasm area and form factors could be observed between women in a normal regulatory cycle and women undergoing an IVF protocol. In group III subjects oestradiol concentrations ranged from 2850-3000 pg/ml (normal range: 250-800 pg/ml). This result showed that vaginal cells did not respond to hormonal supra-impregnation by a continuous increase in size.
In living beings, the volume of a cell is known to be genetically programmed. Limited variations are observed with osmotic and hormonal fluctuations (Häussinger and Lang, 1991) . For a given tissue, cell size is invariant among species. It has been shown, for example, that a hepatocyte and a vaginal cell are the same size in a mouse and in an elephant. This rule is known as 'Driesch's law of a constant volume' (Driesch, 1900) . The only known exceptions are neoplastic cells and multinucleated cells formed by fusion of a varying number of mononucleated precursors (Chappard et al., 1996) . In group III women, the vaginal cells have reached their maximum genetically coded spreading ability. On the other hand, oestradiol triggers nuclear pycnosis; so shrinkage of the nuclear area was maximized in this group. The reduction of the nucleus was reached by a harmonious reduction of dimensions without altering the elliptical shape. The nucleus:cytoplasm ratio combines fluctuations of cytoplasmic and nuclear area. It appeared a suitable parameter which accurately discriminated among the three groups of subjects. Similar stratification of the groups could also be obtained by combining all nuclear and cytoplasmic parameters in a principal component analysis. In the present study, vaginal cells appeared to respond to supraphysiological oestradiol impregnation by increasing their cytoplasmic area up to the maximal genetically programmed size and by increasing nuclear shrinkage.
